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AECD - 2426
A HIGH TEMPERATURE PRECISION X-RAY CAMERA

SOME NEASUREMENTS OF THE THERMAL COEFFICIENTS OF EXPANSION OF
BERYLLIUM

ABSTRACT

A high temperature precision x-ray camera has besn designed and
constructed by modification of the familar back reflection symmetrical
focussing type of camera. The camera, specimsn and furnace are used
within a vacuum chamber to avoid oxidation. The apparatus in its present
form has besn empioyed at temperatures up to 1000°C, but higher tem-
peratures could bs easily attained by making a few minor changes in the
furnace materials. .

The lattice parameters of beryllium have been measured up to 1000°C.
The derived coefficlents of thermal expansion, both linear and bulk; are
presented as a function of temperature. In addition, the data present
atrong evidance that the hexagonal clese packed form of beryllium which
oxists at room teuperature is stable up to at least 1000°C, contrary to
several reports in the literature.
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A HIGH TEMPERATURE PRECISION X-RAY CAMERA

SOME MEASUREMENTS OF THE THERMAL COEFFICIENTS COF EXPANSION OF
BERYLLIUM*

The desirability of accurately measuring the lattice parameters
of beryllium at elevated temperatures has led to the design and con-
atruction of a high temperature precision x-ray camera. Some data on
the thermal expansion of beryllium hiave been obtained and are presented

in this paper along with a description of the camera.

I. Description of the Camera
The camera is besically a modification of the familiar back reflection

symmetrical focussing design. The adaptation of this design to the needs
of high temperature work is illustrated in the drawings of Figure 1 and

the photograph of Figure 2, The rear segment of the camera which ordinarily
holds the specimen was made removable. Thus, for room temperature 'measure-
ments this segment can be easily attached by means of set screws and the
camera used in the normal way. For high temperature measurements, the

rear segment is removed to maks room for the furnace. In this case the
specimen is hsld in its proper position on the circumference along which
the slit and film lie by means of an adjustable supporting arm extending
out from a post at the top center of the camera. To the specimen end of
this arm is attached a vertical circular disc (stainless steel) having

its rear surface machined to the same radius (24") as the camera. The

* This document is based on work performed on the Metallurgical Project,
. Massachusetts Institute of Technology under Contact No. W-7405-eng-175
for the Atomic Energy Commission.
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disc is positioned so that its curved rear surface lies along the camera
circle by pressing its flat front face againit a spacer placed between
the disc and the flat surfaces of the camera body exposed by the removal
of the rear segment. As a result the specimen is in the proper position
to satisfy the focussing conditions of the czmera when it is held against
the rear surface of the disc,

For reasons which will be given later, the beryllium specimen was
made by pressing fine beryllium powder into one end of a longitudinal
hole in a cylindrical beryllium holder, this end of the spacimen holder
being ground to fit the cwved surface of the disc. The holder fits
snugly into a hole in a cylindrical molybdenum rod (about 1" diam,, 17
long) with ths face of the spscimen flush with the properly curved face
of the molytdemum cylinder., The latter is fastened to the stainless
steel disc by two stainless steel screws and thus serves to hold the
specimen in position over a hole drilled through the disc to allow passage
of the x-ray beam.

The specimen is heated by a smail resistance furnace consisting of
a platinum winding on a 1" diam. alundus core surrounded by a 1* lsyer
of X-30 insulating brick, the whole being contained in a sheset metal
cylinder. The transverse faces of the furnace are i" transite. The furnace
is, thus, a cylinder approximately 3" in diameter and 13" long with a
tubular muffle of just the right size to enclose the molybdemm cylinder
in which the specimen is held. Ths furnace is fixed in place by clamping
it to the supporting arm desecribed above. \

In order to protect the specimen and the various heated parts from
oxidation, the whole assembly ’cons:lsting of the camera, specimen svpport,
specimen and furnace is placed in a vacuum chamber (see photographs in
Figures 3 and 4). The chamber is simply a length of 9" diam. copper
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tubing with a brass plate brazed to the front end (facing the x-ray beam)
and a second, removable brass plate held in place at the rear by wing nuts.
A rubber gasket coated with Celvacene high vacuum grease insures a vacuum
tight seal between this plate and the copper chamber. The bottom of the
chamber is fitted with a grooved adapter so that it may be clamped to the
track of the Picker x-ray diffraction unit used as the x-ray source., The
x-ray beam enters the vacuum chamber threugh a teryllium window (thick-
ness = 0.005") in the front brass plate.

Using a Welsh Duo-Seal forepump and a metal oil diffusion pump
(Distillation Products) pressures as low as 5 x 105 mn. of Hg were ob-
tainsble with the furnace and specimen at room temperaturs. During high
temperature runs, mressures of 105 am, of Hg were obtained after time
was allowed for the degassing of the heated parts. In order to minimize
the degassing period and its associated oxidation, COz rather than air
was introduced into the vacuum chamber each time it had to be brought
to atmospheric pressure. |

The heat radiated by the furmace to the vacuum chamber walls and
the camera is carried away by copper water-cooling coils. In the case
of the chamber, these coils are soldered to the outside wall surfaces.

The camera cooling coils are held tightly against the top and bottom camera
surfaces by means of specially constructed clamps. The coils are connected
to the water supply by rubber pressure tubing joined to.short lengths of
copper tubing, the latter being soldered through the vacuum chamber wall,
In addition, a beryllium radiation shield (0.00R" sheet Be) across the
section of the camera facing the furnace serves to protect the photographic
£1Im in the camera against direct heat radiation from the furnace.
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II. Specimza Prepurshtion

The preparation of beryllium specimens suitable for back reflection
x-ray measursnents involves difficulties not encountered with heavier
metals, With most metals a thin sprinkling of fine powder on a suitable
backer, or a fine-grained solid plece with random grain orientation make
satisfactory specimens., Becayse of the relatively high atomic numbers
of such metals the x-rays pemstrate only a very shallow surface layer of
the Speéiman and an appreciable proportion of the x-ray energy is dif-
fracted to the £ilm. On the other hand, x-rays of the wave lengths used
in diffraction work easily penetrate as‘ much as 5-10 mm, of beryllium.
Thic leads to several difficulties. First, it means that very little
X-ray energy would be diffracted from a thin beryllium powder specimen
and hence the exposure time would be prohibitively long. Second, although
increasing the thickness of the specimen would shorten exposure tims,
the ultimate thickness to which onw moy go is limited by the necessity of
mesting the focussing conditions of the camera. That is, for very thick
specimens, the diffraction lines would tend to become broad, thus de-
creasing the accuracy of meassurement, since the high pemetrating power
of tix. x-rays would result in diffraction not only from the surface, but
from practically the full depth of the specimen. And third, the fact that
a large portion of the X-radiation would be tramsmitted through even a
very thick beryllium specimen means that anything behind the specimen
would produce complicating diffraction lines and/or background intensity
on the x-ray film. Thus, the space behind the specimen must be kept
empty.

The most satisfactory beryllium .pecimen for use in a back reflection
powder camera wonld be one made from a fine-grained solld piece having
random grain orientation. In this case the maximum amount of metal for
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a given specimsp tidickness could be plased ia the path of the beam.

However, the only relatively fine-grained beryllium available today is
extrudrd material having a high degree ~f proferred orientation. The
lack of randomness results in the loss of certain diffraction lines on
the x-rey pho’ogram. Consequently, the beryllium specimens for the
present work were finally made by compressing very fine powder into the
form of discs about .025" thick. Pressures of about 40-5QG000 psi produced
a density in the discs of approximately 60 to 708 that of solid Be., The
powder was jressed into one end of a hole in a cylindrical beryllium
holder as shown in the sketch of Figure 5. A particle size of about

10 microns was used to obviate the necessity for rotating or translating
the specimsns., The cold working stresses incurred during the pressing
were relieved by annealing the specimen for 1 hour at 600°%C in vacuo.

1I1I. Tempsrature Measurement and Control
Measurement of the temperature of the specimen proved to be the

most troublesome part of the procedurs for making a high temperature
picture. Because a thermocouple could not be attached directly to the
pressed powder specimen, its temperature was measured by welding a chromel-
slumel couple to the front fsce of the beryllium holdsr as close to the
specimen as possible (see Figure 5), It was found to be very important

to bring the thermocoupls wires to the point of measurement through the
furnace in order to eliminate heat losses from the hot junction by conduc-
tion through the thermocouple wires themselves. Fallure to take this
precaution was capable of producing errors in temperature determination

of as much ss 50°C, even with the very thin wire used. It was recognized
that an appreciable temperature difference might exist between the position
of the hot junction and the central part of the speciman on which the




ARCD - 2426
x-ray beam actually impingud. To minimize this difference two radiation

shields of 0.0R" Be sheet were placed across the furnace in fromt of the
specimen and in contact with the heated stainless steel disc on the sup-
port arm. Under these conditions several calibration runs were made in
an effort to measure the temperature difference between the hot junction
and the center of the specimen. This was done by replacing the powder
specimen with a soiid, dummy spscimen (in several cases molybdenum dummy
specimens and molybdenum holders were used) spot-welding a second couple
to the center of the front face of this dummy specimen, heating to various
temperatures in vacuum and recording the difference in reading between
the two couples. The difference was found to be less than 5°C for all
temperatures up to 1000°C; an average correction as a function of tem~
perature was obtained from the several calibration runs made and was |
applied to gll subsequantly measured temperaturesi,

The thermocouples used were replaced for each new run, that is,
each temperature recorded in the data (see Appendix) was registered with
a fresh coupls. This was done to eliminate the possible effects of con-
tamination of the thermocouple wires, particularly by beryllium vapors.
Test calibtration of a once-used couple (used at high temperature) against
a fresh one showed no sigmificant difference in reading. All couples
were made from the same batches of chromel and alumel wire, so that no
appreciable pelative error in temperature reading was introduced by the
practice of using a new couple for each rum,

WG G A ms EY LT W AR NN 4P AN G D SR @ AR EF S W W W AR W W SR G G W A GE G IS W W W @ W

#This correction, of course, could be rigorously applied only to Solid
specimens; it was felt, however, that this represented as close an approach
to the actual temperature of the powder specimen as could be obtained,
and that the errors still unaccounted for were second-order effeots.
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Tempsrsture control was obtained with the use of a voltage stabilizer

and a variac, Temperatures could usually be held to within 2-3°C in this
way. Thus, the total temperature uncertainty for any run was seldom greater
than about =+ 3°C (including that due to the uncertainty in the correction
described above). It is belisved, however, that the attaining of better
tempsrature control would be advantageous in future work, since the largest
part of the inaccuracies in the present msasurement of paramster changes
with temperature can be attributed to this uncertainty in the temperature

of the specimen.

IV. X-Ray Technique
The back reflsction symmetrical focussing camsra i1s an absolute

instrument capable of giving lattice constants to an accuracy of 0.005%

or better. No standard substance of known parameter need be used, For
cubic crystals, the systematic errors due to camera radius error, absorp-
tion in the specimen and film shrinkage may be eliminated by plotting the
parameter calculated from individual diffraction lines against the function
Cb tan (d)/a) therer- v - % and & is the Bragg angle(l). Extrapolation
to dtan (% ) = 0 gives the corrected value of the parameter. For non-
cubic crystals, such as beryllium (HCP), the graphical extrapolation may
not be used accurately, but an analytical method for extrapolating to
eliminate the systematic errors has been developed by M. U. Cohen(l).

Cohen finds, as indicated above, that symmetrical focussing cameras
have systematic errors in Qa»-d- (d = lattice spacing) that are proportional
tocptan (% ) in the range sir?© > 0.7. Thus

| (1) %§= D P tan (-‘%)

(1) M. U. Cohen, Rev. Sci. Instruments, Vol. 6, p. 68, 1955
Vol. 7, p. 155, 19885 Z. Krist, Vol. 94, pp. 288, 506, 1956

T
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By squaring Bragg's law and taking logs we have
(2) 2logd= -logsin’ O+ 2 log (H2)
Differentiating (2) and substituting the valus of _%Q from (1) gives
A 8in?© =2 D [Dtan (%)] sinf ©
and since© = T - %’.. , end 3inRO© = cos? w‘,:-
A sin?O = Dq) sin
Thus, the sysiematic erraslead to errasin the messured sin® ©

o

valuss which are proportional to (Psin @ . Adding this correction to
the quadratic form for hexagonal crystals,
3inf© = A(R¥+hk +12) +C(12)+ DY s P
which may be written
8inf© =X A+ Y¥C+ cﬁ)

. )\2’ _‘252
whereA=5-;;g,c i 1
o = he4 hk+4k?
§= 2

d=s ¢ sin q)
D = proportionality constant
With a set of measured Binae valuee at hand for a given film, A

‘and C may ncw be found by the method of least squares. The three normal
equations are set up

X g1 © = A§x2 & CExX Y +DS X

£ ¥ sinf© ®waAgXY + CE 2{3—\» p< ¥ d

¢ JoutO = aga S +cg Y +0g 2
the summation being carried out over all the equations of the separate
diffraction lines. Solution of the simmltanzous equations yields the
corrected values cf A and C, and thus, of the lattice constants a, and ¢y
It will be found, however, that in most cases the solution of the simul..

tansous equations involves the loss of significant figures. The use of

-8~
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e simple mathematical device circumvents this difficulty and in addition

rakes it unnecessary to carry an inconveniently large number of significant
figures in the calculations. The three normal equations are replaced

by another set in the following way: Values of the constants Aand C

ars calculated from the best available approximations of the lattice
parameters &, and 6,. These values may be cdesignated Ay and Gy, the
subscript indicating "assumed". From Aj and Cp, assumed valuss of
(s4in®6), can be obtained, neglecting the term D (Dain(_b in the quadratic

equation. Now, letting

DAZA -
DC =Cy -Cg
AD =Dy - Dg

A sinfQ = (3inR©)y~ (sifO)g = V-
where the subscript (E) indicates the experimentally determined values,
it will be seen that the new normal equation may be written
& XV = AagoRancéxy tap I
$YV = Aageyracs W +ADS Y
$ &7 = DaskdHE S ¥drass
Solution of these equations for /\A and AC now yields values of
Ag and Cg from the defining relationships above. Since A A and Ac are
small corrections to be applied to A, and C, to obtain the experimental
values, only a few significant figures need be carried in the calculations,
The sccuracy of the mathsmatical extrapolation described above is
naturally the better the greater the number of diffraction lines with
8in?© >0.7 appearing on the £ilm, In the present work both Co and Fe
radiations were erployed for each photogram producad in order to obtain
& sufficient number of diffraction lines. Iaking use of both the K #nd

K p, Wave lengths (ses Table I) from these “mo targets, 13 usable diffracticn

s
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linss appeared on the film at specimen temperatures near roomr temperature,
while at the higher temperiature up to 16 lines were produced. Operating
at 40 kv and 10 milliamps, ths exposures required for satisfactory photo-
granms were of the order of 1-2 hours for each target (2-4 hrs. total for
each film).

Table I,
Wave Lengths of Radiations Used
| Radiation Wave length, k X Units
FexX3 1,982076
Fex2 1.956012
Cox} 1.78529
Coa 2 1,78919

V. Ilattice Dimensionsof Boryllium as a Function of Temperature
The beryllium used for the present measurementa was cbtained in the

form of 525 mesh powder from the Brush Beryllium Company. Powder particles
having a size of about 10 microns or less were separated from the reminder
in an infrasiger. This very fine powder was then used to make the x-ray
specimens. The quantities of impurities present in the separated powder
are listed in Table II. The possible effect of these impurities on the
lattice constants of beryllium is considered to be very small.

Table II.

Major Impurities in ths Beryllium Powder

Element Wgt. 3 At. 4
Fe 0.094 0.016
Al 0.280 0.104
sS4 0.241 0.047
Mg 0.580 0.23
c . 0,08 0.05
Ca 0.0?7 0.02
Cu (0.01 (0.0CR
Mn 0.04 0.007
N 0.0L 0.002

«l0w
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It has been shown in previous work(z) that binary alloys of most of these
elements (including the majdr impurities in the present beryllium, Al,
Si, Mg) with beryllium containing 1% of the added element revealed only
ninute differences in lattice constants from those of pure beryllium even
after quenching from 1000°C, Furthermore, much of the Mg, which was the
largest metal impurity in the beryllium, was undoubtedly distilled off
during the stress anmeal in vacuum given each specimen before using.
Only copper (of the listed elements) was found to be appreciably soluble
in solid beryllium, but it is present in the beryllium powder in suf-
ficiently small amounts to be unimportant. The powder assayed only aboub
97% beryllium by weight indicating, according to the analysts, the presence
of gbout 2% by weight of oxygen (for which no reliable direct method of
analysis is yet available.) It is probable that a large part of this
oxygen was picked up by the fi.né powder during ball milling, for experience
has indicated that beryllium in firsly dividsd form has a strong affinity
for oxygen even at room temperature. However, here again previous 'ork(z)
suggests that oxygen, too, has little effect on the lattice dimensions
of beryllium. |

The order of magnitude of the total influence of the impurities
(perhaps excluding the oxygen) on the beryllium unit cell dimensions
may be indicated by the following figures: In all the previous measurements
made in tlege laboratories on the purest beryllium svailable, the e,
paramater has been found to be 2.2808 to 2.2810 AO at 259C; the corres--
ponding value for tha powder, the anslysis cf which is given in Table II,
is 2,2812¢ A°,

{2) "Preliminary Studies,of the Phyaical Matallurgy of Beryllium' /O
ﬂ
Report ¥o. MDDG 137C.
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imasuroments of the lattice dirensiocns eﬁf beryllium have been made
at temperatures in tha range of 25¢ to 1000°(#* on three separate specimens
prepared from the Brush powder. The data obtained (1listed in Table I
of the Appendix) are plotted in the curves of Figures 6-9. Figures 6 and 7
show the variation of the a, and ¢, dimensious of the unit cell as a
function of temperaturs, Figure 8 tha resulting volums changes and Figure
9 the trend in the axial ratio, ¢/a.

From these data it is possible to calculate the linear and volume
coefficients of thormal expansion for beryllium. This has been done and
the results plotted in the curves of Figures 10 and 1l a® a function of
temperature. In Figure 10 are represented the trus coefficients of ex-
pansion calculated from the slopes of the a,. ¢, and volume - versus
temperature - curves respsctively at any given temperature. Thus, the
valuss given on the ordinate of the graph in Figure 10 are values of
%» gTX“’ whers x is either the ay or ¢, dimension of the unit cell volume
at the temperature, T. The slopss were found by drawing the best curves
through the exparimental d/ata’, picking valuss of, say, the a, parameter
from the proper curve at points 50° agbove and 50° below the temperature
in question, and dividing the differsnte betwaen the two values thus cb-
tained by the temporature difference, 100°C. The volume coefficients
were calculated not only in this way, but slso from the relationship

K, F 2o+,

alere X, = vclume coefficient of expansion
A 1 = linear coefficient of expansion | to hexagonal axis
«,, = linear coefficient of expansion w to hexagonal axis

# The apparatus could be used at corsiderébly higher temperatures by
meking a few miasor changes in the materials used to build the furnace,
particularly the transite faces.

Y-
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Consoquently, two sets of points, corresponding to the two methods of
calculation, are shown on ths volume curve in Figure 10, The good check
of these two sets of values is an indication that the three basic curves
ih Figures 6, 7 and 8 have been corsistemtly drawn through the experimental
points.

These coefficient curves are, psrhaps, of the greater scientific
interest, bub from the practical point of view the curves shown in Figure
11 should be more useful. Here are plotted the more generally used coef-

ficients of thermal expansion™;, X  and (., a5 Qerimed by the equations

(length)p = (length)es (1+x,T) | to the hexagonal axis
(length)y = (lemgth)ps (14X, T)  1ito the hexagonal axis
(volume)p = (volume)pg (X _T)

Although the volume coefficients of expansion are applicable to beryllium
specimens of any type, it should be remsmbered that the linear coefficients
can ba rigorously applied only to single crystals where the direction

of the expansion with respect to the hexagonsl axis is known. However,

the values read from the curves may be used &s very close approximations
for extruded round rods of beryllium where the extrusion reduction in

area was greater than sbout 6 or 8 to 1, It has been demonstrated(2)

that such material has a high degree of preferred orienmtation, the basal
(0001) planes lying within about 60 or 70 of parallelism with the :o0d

axis, but being randomly rotated about this axis. Thus, the longitudinal
coefficient of thermal expansion for extruded rods is given very closely
by the coefficient perpendéicular to the hexagonal axis of the unit cell;
the coefficient of radial thermsl expansion for the rods 1s the arith-
metical average of those L and ||to the hexagonal sxis; that is kb Sil
For a polygrained specimen exhibiting no preferred orientation, the coef-

ficient of lineerthermsl expansion in any direction may be taken as equal

A3
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The naximum relstive error in the individusl lattice constants plotted
in Figures 6 So 9 is belisved to be withint 0,01%, the major part of tais
error being the result of temperature uncertainty which ranged from =+ 1°C
to + 5% (see Appendix, Tsble I). These small errors in the parameiers,
however, lead to comparatively large errom in tris cosfficients of ex-
pansion which are based on the slope of the paramater-temperature curves.
It is estimated that the calcuiated true coefficients are accurate to no
botter than + 5% at the extremities of the temperature range investigatad,
but are considerably less uncertain at the internediate temperatures.,

The mean coefficients, on the other hand, are relatively inaccurate only
at ths lowest temperatures where the parametcr change from 259C to the
tempsrature in question is small, The accuracy is probably about =% 5%
at these low temperatures, approaching + 0.2 to 0.3% as the temparaiure
nears 1000°C,

The high temperature Z-ray msagsurements have served not only to deter-
mine the coefficients of thermal expanmsion of beryllium, but have also
supplied evidence on the question of whether or not beryllium undergoes
an allotropic transformation at some elevated temperature, Such a trans-
formation inr beryllium has been repcrted in the literature on several
occasions. I.-'awis(g) found indications of allotroplc transformations at
about =450C znd 450°C by thermal EMF and electrical resistivity measwre--
mants., Noyée and Daane(4) reported a transformation at 750°C on the
basis of thermal and dilatometric effects, both offects being very small.

S B B GO G GW ER M G0 G R D OB G D SR D2 GRS m Gd R W A G e w0 e S e € e e G e

(3) lewis, E. J. Phys. Rev., 34, 1575, 197¢
(4) Noyce, W. K, and Daane, A, H., Report #CT-2404

i
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Attempte by Dr. A. R. Kaufmann and the present author to check the results

of Noyce and Daane by careful thermal analysis gave no evidence of the
allegoed trarnformation(5) s however, In addition, Jaeger et a1(6)(7)
reported a tranaformation in Be based on X-ray and specific heat measurs-
mends ., They gsave the structure of the high temperature phase as hexagonal
close pscksd with & relstively largs unit cell (%, = 7.1A°, ¢, = 10.8A°,
60 atoms per unit cell). Their X-ray measurements were made at room
temperature, but they indicated tha® the high temperaturs phase was most
successfully produced by heating to 630°C.

The present high temperature X-ray measurements give strong evidence
against the cscurrence of a phase transformation at any temperature between
250C and 1000°C. In Figure 12 are reproduced several X-ray photograms
taken at tempsratwres within this range. (The extraneous spotty lines
in these plctures are due to the beryllium radiation shlelds between the
spscimsn and the X-ray sourcs. Since these spots were, in general, not
superimpogsed on the lines from the specimen, they led to no measurement
difficuities )., In each case the specimen was generally at the indicated
temperature for about & to 3 hours before the exposure was started (to
allow stabilization of the temperature) and then from 2 to 4 hours more
during the exposure. It seems highly probable that, in these periods of
time at the higher temperatures the formation of a stable high temperature
phase would be sufficiently far advanced to be detectable in the diffrac-
tion pattern. If such a transformation had in fact taken place, the
diffraction patterns would be expected to reveal a new set of lines or
a sudden large discontinuous shift in the lines ss the temperature was

e G CB UR e ke s me e e We W WO G B A Ge Gu WY R W AR AF W o MR B IR @ e 3

() Gordon, P., and Kaufmenn, A. R., MIT Progres3 Report Nov. 1945

(6) Jaeger, F. M., and Zanstra, J. E., Proc. Acad. Amst. 656, 36, 1933

(7) Jaeger, F. M. and Rosenbloom, E., Proc. Acad. Amst. 85, 1032, 10853
S7, 1934, 673 Rec. Trav. Chiw, Pays-Bas, 53, 1984, 451
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raised, Actually, as can be seen in Fizure 12, the linmes of the room
temperatura hexagonal close-packed beryllium phas2 persizted with essenuially
undiminished intenzity at all temperatures up to 1000°C. They underwen:
a steady shift in position toward lower angles as the Lempsrature was
raised, consistent with a8 gradual increass in lattice parameter and a fow
new lines of highor indices appeared on the high angle portion of the film
as the ircreasing temperature brought the gin® © valuwes for these lines
belew unity. No gudden shift in line position was noted at any tempera’ure,
nor wus there any gvidencs of a new set of lines corresponding to a higa
temperature phase. At 10COPC, however, there ap:2ared on the film for
all three specimens a faint alpha doublet and a very faint beta line,
(3se Figure 12) which were not present at any of tne lower temperatures.
It was impsdiately suspected that these werec BeO lines resulting from the
formation of an oxide £ilm on the surface of the beryllium specimens.
That this was actually the case was conclusively proven by making a 4if-
fraction pattern of pure Ba0 at 1000°C vsing Fe and Co radistion. The
position of the strongest alpha doublet and the strongest beta line ap-
pearing on tha Bed pattern thus obtained checked exactly with those of the
corresponding lires on the 1000°C berylliwe £iim.

As hag been indicated, the metal powder used in the above sxperiments
asasyed only about 97% beryllium. There remsined, thus, a small probzbility
that tho presence of the impurities (largely oxygen) may have inhibited
the formation of a high temperature phase which would normally be present
in pursr beryllium. Fortunstely, soms much higher asssy beryllium powdsr
racently baceme available, This powder was grouvrd from vacuun cast beryl-
lium by special techniques devised at Brush Beryllium Company with
the s pecifiec purposz of wreventing the contamination of the powder Ly
oxygen. The quantities of impurities present in the powder are indicated
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in Table III. Since the metal assayed 99.4% Be and the total impurity

content (largely Al, Fe, Si and C) approximated 0.7%, it may be seen that

the powder was essentially free of oxygen.

Table IIl.
Analysis of the 99.4% Assay Beryllium Powder

Element Wet. & Atomic
Ba Assay 99.4
C 0,12 0.081
Al 0.17 0,057
Ca 0,014 0,0052
Cr 0,014 0,004
Cu 0.010 0.0014
Fa 0.20 0.033
Vg 0,083 0.0031
¥n 0.0R0 0.003%
Ni <0.010 0.0016
Si Oon 00056

An X-ray specimen was prepared from this powder as received (-325
m3sh) taking care to isolate the powder from contact with air as much
as possible until it had been pressed into pellst form by the techniques
described earlier. After a 600°C stress relief annsal in vacuum, X-ray
photograms were made at 650°C and S00°C. In neither case was there any
indication of the formation of a high tempsrature phase.

It is considered that these experiments provide pergnaaivo evidence
that the hexagonal close-packed form of beryllium encountered at room
tempsrature is stazble up to at least 10000C.
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Appendix

Table I

Measured Lattice Constants

Tempergture “C |  an, iR Coy 10
Specimen | Ave. Uncertalnty kXU Xy ; co/ho Ung; ;%%Jdm
E 24 t % 2.2812¢ | 3.57705 | 1.56802 16,1215
P 25 H 2,2812¢ .| 3.5770g | 1.5680% 16,121y
I 26% 2.28127 | 3.5771z | 1.56804 16.122
R 74 / % 2.20258 | 3.57880 | 1.5679) 16.147,
P 95 13 2.28295 | 8.57985 | 1.5678; 16,155g
R 147 2 2.28547 | 3.5818s | 1.56723 16.202¢
P 215 1 2.2877 | 3.5845g | 1.56689 16,2469
X 239 2% 2.2886p | 3.5857g | 1l.5667g 16,2652
R 293 g 2.2911y | 3.58874 | 1.56634 16,3149
P 360 13 2.2986 | 3.59217 | 1.566lg 16,3653
R 385 2 2.80489 | 3.59873 | 1.56597 16.390g
I 423 13 2.29624 | 3.59555 | 1.56583 16.4184
13 496 1 2,2997g | 3,59957 | 1.5651g 16.486¢
I £Gr 2 2% 2.3082¢ | 3.60330 | 1.5644g 16.5513
P 6023 2 2.308dg | 3.60543 | 1.56455 16.5815
1 695 3% 2.5094; | 5.61175 | 1.5659 18.6827
P 716 3% 2.510R2 | 3.61265 | 1.5637g 16.697g
P 795% 3 2.3142g | 3.61783 1.5682g 13,7804
I sk 2 2.5147; | 5.6082 | 1.5681g 16.788g
P 895 33 2,3194; | 3.8247g | 1.56R7g 16.8874
I 9015 3 2,31950 | 3.62474 | 1.5673 16.8889
R g 3 2.320y | 3.62544 | 1.56R54 16.902¢
R 983 4‘§ '3 052514 3 e %257 105&22 17 owse
P 1004 5 2.5253g | 3.635243 | 1.5620g 17,0104
I 1013 3% 2.3255, | 35.6%214 | 1.5619g 17.008g

i o
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Appendix
Table II

Trus Cosfficisnts of Thermal Expansion: &, = . gi,i x 108 a3 Calculated
4

fron Figures 5, 6 and 7

>, = Coefficient perpendicular to hexagcnal axis

A ,, = Coefficient parallel to hexagonal axis

<, = Volums coefficient

X g
Fron
Temperature °C | X . Xy, [Figure 7 2c(, 4+ X,
50 1.7 9.4 29.8 52,9
75 13.2 10.0 55.3 56.5

100 14.7 10.8 %9.9 40.2
150 16.8 2.1 45.1 44.6
200 18.7 15.1 47.4 46.5
250 17.4 15,9 49.2 48.8
300 18.2 4.4 50.3 50.8
350 18.5 i4.5 52.0 51.6
400 19.1 14,9 §3.0 55.1
450 19.6 15.2 54.1 54.4
500 20.1 15.6 55.8 55.9
550 20.4 16.2 8.0 5§7.0
600 20.6 16.5 £8.5 57.7 |
650 21,0 16,9 59.5 58.9
760 1.4 17.4 60.6 60.1
750 21.6 17.8 61.0 6l.1
800 22,0 18.3 €l.9 62,3
850 22 .4 19.0 68.2 68.9
900 23.2 19.6 65.7 65.9
950 23,6 18.8 67.0 67.1

IT=
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Appendix
Table III

x

- X
. c . = T 25 - 8
Yisan Coefficients of Therml Expansion: T ae(ToasT % 10
as Calculated from Figures 5, 6 and 7

™, = Coefficient perpendicular to hexagoml axis
™y, = Coefficient parallel to hexagonal axis
o, = Volume coefficient
Temperature ©C = Xy, Xy
50 10,7 8.7 26.0
75 1.7 9.4 28,5
1C0 2.6 9.6 32.0
150 13,.¢ 10.4 37.0
200 14'07 lloo 5905
250 15.1 11.6 41.6
300 15,7 12,1 43.0
350 16,1 12.5 4.4
400 16,5 12.8 45.5
450 16.8 15.1 43,5
500 17.2 13.3 47.4
550 17.85 13.6 48.6
600 17.8 13.8 49,5
650 18,0 14.1 50,2
700 18.3 14.3 51,2
750 18,5 14.5 52.0
800 18.7 14.8 52,7
850, 19,0 15.0 53.4
900 19.2 15.3 54.2
950 - 19.5 15.5 55.0
1620 | 19.7 15.8 55.
l

~III-
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Figure 1. Schemetic Arewing of the high tempersture precision
X=raxr comeve,
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Figure 2. View of the camera with high temperaturs
attachments in place, but showing the re-
moved rear segment which may be replaced
for room temperature measurements.




Figure 3. View of the camera in place in the
vacuum chamber, but with the furnace
removed,
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Figure 4. View of the camera and furnace
: in place in the vacuum chamber.
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Figure 12. Variation of the back reflection powder

diffraction pattern of beryllium as a
function of temperature.



